Abstract -In this paper the construction of a model that represents the behavior of an Electric Vehicle is described. Both the mechanical and the electric traction systems are represented using Multi-Bond Graph structural approach suited to model large scale physical systems. Then the model of the controllers, represented with a functional approach, is included giving rise to an integrated model which exploits the advantages of both approaches. Simulation and experimental results are aimed to illustrate the electromechanical interaction and to validate the proposal.
Introduction
Transportation solutions have been thoroughly investigated to improve fuel economy and reduce vehicle emissions. Electric Vehicles (EV) have been proposed as possible solutions to meet these goals, see Fig. 1 .
Modeling and Simulation are key tasks for testing novel concepts. They help in the design stage allowing the evaluation of different vehicle configurations, inexpensively and without implementing a prototype. A well detailed revision of vehicle models and their features is given in [1] . An overview of EVs with a focus on hybrid configurations and energy management is discussed in [2] .
Vehicle models are classified as steady-state, dynamic and quasi-steady-state. In steady-state models transients are neglected and require less computation power than dynamic models which are physic-based and reproduce transient evolutions. An intermediate solution is a quasisteady-state model. Another classification is based on the calculation direction: Forward models follow the engineto-wheel direction whereas backward models follow the wheel-to-engine relations. Generally, dynamic models are used in forward calculation and hardware-in-the-loop simulation [3] .
Once the model of the vehicle is defined according to the application, the representation of the model can be accomplished with a functional or structural approach [4] . In a functional approach the connections between subsystems are virtual links. It gives an overall description of the system and is used in applications oriented to its control. On the other hand, structural approaches are based on the topology of the real system and the links respond to a physical connection. Hence a direct correspondence between the system under analysis and its representation is generated. Structural approaches are useful for system design and its analysis in faulty conditions.
In applications such as those addressed in this paper, it is convenient to resort to energy-based approaches. They explicitly define the energy flow and/or power interaction between components. Some energy-based approaches are:
Bond graphs (BG) allows interconnecting sub-systems based on their power flow [5] and facilitates the intercomnection of multi domain systems [6] . BG contains dissipative, accumulative, conversion elements and junctions. Elements are interconnected by bonds that carry the exchange variables (general flow and effort) and allow an easy visualization of the physical system topology and power flow.
Multi Bond graphs (MBG) [7] is a vectorial extension of standard BG. It is also a non-causal approach suited to model large scale multi domain physical systems.
Power Flow Diagrams (PFD) [8] is based on splitting the bond to differentiate flow and effort variables to better interpret the system. New pictograms are defined to highlight the different elements in the system. PFDs have been used to study electric drives and traction systems [9] .
Energetic Macroscopic Representation (EMR) [10] makes apparent the power interchange between subsystems. It is composed of connected elements that highlight energy properties of the system. It allows determining systematically an inversion based control scheme. In [11] this approach is used to model and control HEVs.
After defining the vehicle model and its representation, different analyses can be conducted via simulation. Within the large variety of simulation tools devoted to EVs and HEVs, Advisor [12] and QSS-TB [13] are aimed to develop quasi steady-state models and have been used successfully to evaluate fuel consumption and its optimization [14] .
In [15] it is used Matlab/Simulink to construct dynamic models which is a flexible simulation tool where the user can define and program each component of the vehicle.
More specific tools incorporate libraries oriented to model EVs and HEVs such as Dymola [16] and PSAT [17] .
Finally there are specific softwares in which the modeling is carried out by interconnecting predefined blocks making the procedure faster but less flexible. In [18] it is used PSIM whereas in [19] it is used Carsim.
The goal of this paper is to develop a complete 3-D representation of a four wheels EV (see Fig.1 ) using a structural energy-based approach whereas its control is represented using a functional description. In this way, the advantages of each approach are better exploited. This idea is inspired by [20] where a first coupling between a structural and a functional approach is proposed.
In this work a power system is simulated using PSIM (with a structural component library) and the control is designed using the EMR (functional approach). Also in [21] it is studied the advantage of using BG for representing the system and block diagrams for representing the controller.
Here the BG model is only used to obtain the dynamic equations of the powertrain but then the entire system (vehicle and control) is simulated in Matlab / Simulink using block diagrams (i.e. the structural approach is lost).
To meet the goal, in our proposal, the 3-D mechanics and the electric traction system of the vehicle are modeled with MBG and its control is described in block diagrams. In order to simulate the complete system behavior, the vehicle model and its control are integrated in the same simulation environment.
Models of the 3-D mechanical behavior of vehicles using BG were already presented in [22] . In [23] the translational and rotational dynamics are grouped and modeled together by mean of the MBG reducing significantly these models but the electromechanical interaction was neither modeled nor analyzed. To include this interaction, BG-based models of EVs and HEVs were presented in [24] . They include a BG model of the electric motor but the mechanical behavior is reduced to longitudinal dynamics only. Thus the proposed model in this work complements those models presented in recent literature. 
Nomenclature

Mechanical Characteristics and Modeling
In this Section, the model of the vehicle is created using Dymola which is an integrated environment for developing models in the open Modelica language [25] . Dymola allows generating structural representations which consist of connected components. These components have "connectors" that describe the interaction possibilities, e.g. an electrical pin, a mechanical flange, or an input/output signal. By connecting components a physical system model can be constructed. Dymola includes libraries to generate BG and MBG models. In 3-D mechanical applications, elements are represented compactly using MBG. Three single bonds are grouped into a Multi-Bond representing the rotational dynamics and another Multi-Bond is used for describing the translational dynamics.
Chassis and suspensions are modeled using the "Modelica library for MBGs and its application in 3-D mechanics" [26] . These components are internally represented with elements of the MBG library and are provided with external frames where the rotational and translational Multi-bonds are connected. The mechanical connection between two 3-D components is made via their frames that act as interfaces for exchanging power. As example, the upper part of Fig. 2 depicts the graphical representation of the connection of two 3-D components called "fixed translations" while the lower part shows that their internal models uses the MBG approach. The connection implies that both components have the same angular / linear velocities and positions at the connecting point.
Chassis
The model of the chassis contains a sprung mass that behaves like a lumped mass for the translational dynamics whereas for the rotational dynamics it contains the inertia tensor thus acting like a rigid body. The laws for the 3-D body motion are given by the Euler's equations
where
T are the forces (in the global frame) and torques (in the local frame) applied over the rigid body, respectively. Also, m and a represent the mass and acceleration of the chassis. Moreover, L, w and CH I represent the angular momentum, angular velocity and moment of inertia tensor of the chassis, respectively. Fig. 3 shows the 3-D body representation together with its internal representation in MBG.
To complete the chassis model "Fixed translations" are needed. They are ideal undeformable rods considered massless. Forces and velocities are given in the global frame whereas torques and angular velocities in the local frame. The set of equations is given by ( )
where R and r are the orthonormal orientation matrix and the vector that links both frames, respectively. The representation in 3-D mechanics is depicted in Fig. 2 and its internal MBG representation is presented in Fig. 4 . Eq. (4) is graphically expressed in the "0" of the upper part whereas Eq. (5) is in the "1" of the lower part. Fig. 5 shows the complete chassis model. Here a set of fixed translations is used to compose the undeformable structure of the chassis that projects the efforts and flows from the sprung mass -located in the center of gravity toward the points where the suspensions are mechanically connected in the frames noted with ①, ②, ③ and ④.
Suspension
The suspension system is composed by four suspensions that couple each wheel to the chassis. Fig. 6(a) shows that each suspension contains an ideal spring and a damper (from the 3-D mechanics library) which are connected according to the real mechanical configuration.
Spring force ( k F ), damper force ( B F ) and total suspension force ( susp F ) are given by
where velocities on frames 1 and 2 are v 1 and v 2 and Δx is Fig. 7(a) contains the Dymola internal model of the wheel that includes the calculation of the normal force at the contact patch (F N ) based on a BG model of the vertical dynamics.
Wheel and tires
The longitudinal / lateral forces (F x / F y ) depend on the tire characteristics and certainly influence the dynamic behavior of the vehicle. These forces are determined using a 2-D LuGre friction model [27] that is widely used to estimate and control the traction contact force [28] . It allows representing different road conditions and the transient behavior of the traction forces with a concise model that considers the coupling between x and y directions. Rotational dynamics is represented in a BG model that receives the torque (T e ) generated by the Induction Machine (IM) and calculates its angular speed (ω r ). The torque balance also includes: rolling resistance, inertia momentum of the wheel (I W ) and the opposition torque due to the longitudinal force on the patch contact at distance r W . Then, translational dynamics along three axes are grouped into a multi-bond, as well as rotational dynamics.
These multi-bonds are used to incorporate the 3-D mechanical frame. Fig. 7(b) shows the Dymola 3-D mechanics model. It contains a mechanical frame to connect with the suspension, a single bond to interact with the IM and receives the steering signal (δ).
Electric Traction System
Two identical IM drive the rear wheels which are controlled independently. This feature allows the implementation of yaw stability control [29, 30] using a simple strategy to estimate the sideslip angle [31] .
The set of equations concerning voltage and flux linkage in qd coordinates together with the equivalent circuit are given in [32] . The qd coordinates representation means that all variables are referred to an arbitrary reference frame rotating with angular velocity ω qd0 = dρ/dt. Angle ρ is the d-axis position. Electromagnetic torque (T e ) as function of electrical variables, obtained with the power invariant transformation, is given by
to represent the power interaction between electrical and mechanical domains modulated gyrators (MGY) were used, see Fig. 8 . From Fig. 8(a) 
Taking into account that the MGY's do not add or dissipate power and using the power conservation at the "1" the following equation can be obtained 
Replacing (10) 
It can be proved that Eq. (12) is equivalent to (9) , thus the MGY presented in Fig. 8(b) can be used to couple the electrical and mechanical domains. To keep consistency with the mechanical model, the IM equivalent circuit was represented in a MBG of cardinality two. The resulting model is presented in the compact diagram shown in Fig. 9 (a) together with its Dymola representation in Fig. 9(b) . Variables and parameters are ( ) 
For the case of study, electric variables are expressed using a qd stationary frame (ω qd0 = 0). Variables in this frame are noted as αβ variables.
Integrated Model
This Section is devoted to generate the integrated model which includes in the same simulation environment the complete model of the vehicle (with a structural representation in Section IV-A) and the controllers (with a functional representation in Section IV-B).
Complete model of the vehicle
In order to obtain the structural representation of the entire vehicle, the mechanical and electrical sub-systems were interconnected. Each suspension and the chassis are connected though a revolute joint, which permits relative rotation along one axis. It also allows the chassis pitch movement while each suspension remains in vertical position. Similarly the lower end of the suspension system connects to the wheel's frame through a revolute joint. This connection allows the spinning of the wheel. Fig. 10 shows the complete connection of the left rear wheel and suspension. Connections of the other three wheels are analogous (front wheels do not have traction motor). It was also incorporated a non-lineal resistance "rnl" that models the dragging force along the longitudinal direction.
Control Scheme
The most adequate approach used to describe a control scheme is a functional representation. This Section presents the scheme implemented in the prototype which gives a clear overall description. Additionally, each block is internally programmed giving hierarchical levels of descriptions.
In order to emulate a mechanical differential, an equal torque strategy is proposed. This strategy is implemented by the Electronic Differential System (EDS), see Fig. 11 , which determines the reference torque to be applied by each IM. Based on this reference torque a Field Oriented Control (FOC) was implemented on each motor, see Fig.  12 . A well detailed description of the EDS/FOC strategy is given in [33] . It is proposed a simple strategy. More complex controllers regarding an EDS are presented in [34] . 
Integration of structural / functional representations
The final part of the proposal consists on coupling the vehicle model with its control in the same simulation environment in order to study the complete vehicle performance.
The physical system model, built in Dymola, is compiled by Modelica and exported to the Matlab/ Simulink environment. To this end, the model (see Fig. 10 ) is provided with the inputs / outputs necessary to interact in Simulink. Inputs are the steering angle (δ) and the reference αβ voltages applied to the IMs. Currents and rotor angular speed are the outputs used to implement both FOCs. The control algorithm is obtained in Simulink to close the control loop.
The integrated model which combines both approaches is displayed in Fig. 13 . It shows explicitly that the inputs are the driver commands and the outputs can be any physical variable of interest.
The resulting model allows evaluating different controllers in a simulation environment, but using a complete vehicle model. Thus, any modification in the controller configuration or in its adjustment can be easily tested under simulation. Once the control algorithm has been tuned, it can be transferred to the digital controller using toolboxes that allow directly translating the control algorithm to a particular digital processor [35] . These toolboxes generate optimized C code for DSP / FPGA from plain Simulink diagrams.
Additionally, BG allows us to modify quickly the physical model of the vehicle before producing any change in the actual prototype. Thus, the impact of such changes (e.g. tires, suspensions) over the controller or the overall vehicle performance can be verified and evaluated immediately, at practically no cost. Once the modifications have been tested and the results are satisfactory, they can be implemented in the actual vehicle prototype.
Simulations Results and Experimental Validations
The first part (Section V-A) provides simulation and experimental results that validate the proposed model. Then in Section V-B only simulation results are given in order to highlight potential applications of the proposed methodology. These results are obtained using the scheme presented in Fig. 13 . Parameters of the mechanical and electrical submodels are shown in Table 1 .
Model validation
Acceleration-Brake
This experiment is aimed to evaluate the electromechanical power interaction. The vehicle was conducted from rest to the maximum speed and then back to rest. This sequence was performed twice. Fig. 14 shows simulation and experimental results of IM1. Maximum ω1 ≈ 1050 rpm corresponds to Vx ≈ 30 km/h. In Fig. 15 the consumed electric power of IM1 is depicted. Its negative value during braking, evidences the regenerative braking capability. The correlation between experimental and simulation results ensures a correct prediction of the energy consumed for any driving cycle. Along the complete maneuver the total energy demanded to drive the vehicle is ≈ 97.8 kJ whereas the recovered energy is ≈ 29.9 kJ. From these results it is possible to quantify the improvement of the energetic efficiency which is approximately 30.56%.
Turning Maneuver
Figs. 16 and 17 show simulation and experimental results of the steering angle and IMs variables obtained in this experiment. The vehicle began stopped and then accelerated and remained at constant speed. Fig. 16 shows that the vehicle first turned right, then it turned left and came back to a straight direction. Fig. 17 shows that while the vehicle was turning right, the inner curve wheel speed (IM1) was smaller than that of the outer one (IM2) and then it changed as the vehicle direction changed. During the whole experiment, wheel torques (proportional to I qs ) were the same for both motors as expected due to the implemented EDS algorithm. The largest difference in Fig. 17 can be seen for I qs (mean squared error of 3.96%). Simulation and experimental results during the turning maneuver presented EDS algorithm. The largest difference in Fig. 17 can be a mean squared error smaller than 4% for all variables. The inclusion of lateral dynamics allows reproducing turning maneuvers with high fidelity. This property is necessary to evaluate the vehicle maneuverability and stability under dangerous conditions. Furthermore, it helps to design vehicle yaw controllers and test their performance.
Potential applications
Results presented in this section emphasize the capability of the model to simulate dangerous situations and/or variables difficult or impossible to measure. Fig. 18  (a) shows an experiment where both left wheels were blocked during braking. The vehicle was driven at a constant speed of 70 km/h and after 0.5 seconds the brake was applied (mechanical brake on frontal wheels). At t = 0.6 s, road condition for left wheels was changed to extremely slippery, producing their blockage. Right wheels kept braking along producing a net torque. The vehicle continued to slow down as shown in Fig. 18(a) but the tangential velocities of the blocked and non-blocked wheels were absolutely different.
Because of the wheel blockage, the regenerative braking capability of the IM was lost in the left rear wheel (continuous line in Fig. 18(b) ) whereas the IM located on right rear wheel (dashed line in Fig. 18(b) ) kept recovering energy.
An important yaw angle appeared ( Fig. 19(a) ) due to asymmetry on the longitudinal forces. This yaw rate (y & ) produced load transference toward the left side and a negative roll angle occurred. Lateral slip is seen in Fig.  9(b) .
Variables of the FOC presented in Section IV-B are depicted in Fig. 20 . They are the measured I α and the Park transformed I qs in the IM connected to the blocked wheel.
Simulation results illustrate the wide range of applications possible to tackle. It is possible to assess the response during risky situations, power flow between electric and mechanical domains and variables regarding the control.
Moreover, the behavior of the tire-road interaction can be studied. These variables are needed to estimate and control the traction contact forces. In [28] the longitudinal dynamics of the proposed model was successfully used to this end.
Conclusion
A novel simulation methodology based on a combination of structural (for the physical system) and functional (for the controller) approaches oriented to developing electric vehicle (EV) concepts was proposed. A remarkable contribution of the proposal is that applying this combination it is possible to exploit the advantages of each approach. The structural approach is based on Multi-Bond Graph (MBG) that allows representing each EV sub-system in a compact/modular way. This approach allows representing the power interactions between sub-systems independently of their physical nature. Moreover, the functional approach is accomplished using Block Diagrams (BD) that gives a clear overall description of the input/output relationships in the controller.
The proposed procedure consists on integrating both representations (represented in MBG and BD) into a single simulation environment. The resulting model allows evaluating and verifying rapidly any modification on the vehicle or in the controller, reducing time and development costs. The versatility of the proposal permits to implement other EV configurations and helps to understand the dynamics of electrically driven vehicles.
Experimental results were obtained using a real vehicle prototype. The high correlation between simulation and experimental results demonstrates the practical feasibility of the proposal.
